The purpose of this study was to assess the relationship between F-18 fluorodeoxyglucose (FDG) uptake in bone marrow (BM) on positron emission tomography/computed tomography (PET/CT) and survival in patients with head and neck squamous cell carcinoma (HNSCC). We retrospectively enrolled 157 HNSCC patients who underwent staging FDG PET/CT and subsequent treatment. On PET/CT, primary tumor metabolic characteristics, mean FDG uptake of BM (BM SUV), and BM-to-liver uptake ratio (BLR) were measured. The prognostic significance of FDG uptake of BM for predicting disease progression-free survival and distant failure-free survival was assessed using a Cox proportional hazards regression model. In univariate analysis for disease progression-free survival, increased BM SUV and BLR were associated with poor survival. In multivariate analysis, BLR (p = 0.044; hazard ratio, 1.96), TNM stage (p = 0.014; hazard ratio, 2.87) and maximum FDG uptake of the primary tumor (p = 0.046; hazard ratio, 2.38) were independently associated with disease progression-free survival. For distant failure-free survival, BLR, TNM stage, tumor size, and metabolic parameters of the primary tumor showed prognostic significance in univariate analysis. However, none of the variables showed significance in multivariate analysis. FDG uptake of BM in HNSCC patients might be a significant predictor for disease progression-free survival. Further studies with large patient population are needed to validate the results.
Introduction
Chronic inflammation induced by infection is strongly correlated with the development of cancer. For instance, human papilloma virus infection is associated with head and neck cancer, Epstein-Barr virus infection with nasopharyngeal cancer, and hepatitis virus infection with hepatocellular carcinoma. In recent decades, evidence has increasingly suggested that the host inflammatory response mediated via pro-inflammatory cytokines and immune cells such as neutrophils and tumor-activated platelet is involved in the initiation, progression, and metastasis of cancer cells [1, 2] . Inflammation has even been considered the seventh hallmark of cancer, in addition to sustaining proliferation, evading growth suppression, activating invasion and metastasis, enabling immortality, inducing angiogenesis, and resisting cell death [3] . In a clinical setting, serum inflammatory markers, including the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and C-reactive protein (CRP) level, have commonly been used to estimate the degree of inflammatory reaction of the patient [4, 5] .
Materials and Methods

Patient Population
The Institutional Review Board of Soonchunhyang University approved this retrospective study and the requirement to obtain informed consent was waived. All procedures in this study were performed in accordance with the Declaration of Helsinki. Medical records of all patients who were histopathologically diagnosed with HNSCC in our hospital between January 2011 and December 2016 were retrospectively reviewed. Among these patients, we finally enrolled 157 patients based on the following inclusion criteria:
• Patients with HNSCC who had undergone FDG PET/CT for initial staging work-up • Patients who had no evidence of distant metastasis on staging imaging examinations • Patients who had received any type of curative or palliative treatment after staging work-up
The exclusion criteria for the study were as follows:
• Patients who had distant lymph node or organ metastasis on staging imaging studies Patients who had a previous history of another malignancy or BM disease • Patients who were not followed up for 12 months after the initial treatment without disease progression
Staging Work-Up and Follow-Up
All enrolled patients had undergone staging examinations consisting of blood tests, direct laryngoscopy, planar chest radiographs, contrast-enhanced CT, and magnetic resonance imaging of the head and neck area, as well as FDG PET/CT. For hematologic parameters, blood cell counts including differential counts of white blood cells and hemoglobin levels were determined. For serum inflammatory markers, serum CRP was measured and NLR and PLR were calculated based on the results of differential counts in the blood test. The NLR was defined as the neutrophil counts divided by the lymphocyte counts and the PLR was defined as the platelet counts dived by the lymphocyte counts. After pretreatment work-up, the clinical T and N stages of the patients were assessed according to the seventh edition of the American Joint Committee on Cancer Staging Guidelines. Subsequently, patients received curative or palliative treatment including surgery, chemotherapy, and radiotherapy based on their clinical stage and condition within four weeks after FDG PET/CT. After the initial treatment, all patients underwent regular clinical follow-up including blood tests, direct laryngoscopy, and contrast-enhanced CT every 3-6 months. Patients were categorized into two groups according to the pattern of disease progression during the follow-up: loco-regional failure (disease progression of a known cancer lesion and/or recurrence in the primary site and/or bilateral neck area) and distant failure (distant lymph node and organ metastasis irrespective of loco-regional failure).
FDG PET/CT Imaging
FDG PET/CT scans were performed on a dedicated PET/CT scanner (Gemini, Philips, Milpitas, CA, USA and Biograph mCT 128 scanner, Siemens Healthcare, Knoxville, TN, USA) from the skull base to the proximal third of the thigh. All patients fasted for at least six hours before FDG PET/CT and blood glucose levels were less than 200 mg/dL before administration of FDG. One hour prior to scanning, a dose of approximately 5.18 MBq/kg of FDG was intravenously injected for the Gemini and approximately 4.07 MBq/kg for the Biograph mCT 128 scanner. First, a CT scan was performed without contrast enhancement for attenuation correction at 80 mA and 140 kV p for the Gemini and at 100 mA and 120 kV p for the Biograph mCT 128 scanner. Subsequently, a PET scan was performed at 2.5 min per bed position for the Gemini and at 1.5 min per bed position for the Biograph mCT 128 scanner in the three-dimensional acquisition mode. PET images were reconstructed by using an iterative reconstruction algorithm with attenuation correction.
Imaging Analysis
PET/CT images of the enrolled patients were retrospectively assessed by two board-certified nuclear medicine physicians who were blinded to the clinical outcomes. Discrepancies between the readers were resolved by discussion to consensus. Initially, three metabolic PET/CT parameters of the primary cancer lesion (maximum SUV, metabolic tumor volume, and total lesion glycolysis) were measured. Each primary tumor lesion was examined using a spheroid-shaped volume-of-interest that included the entire cancer lesion in the axial, coronary, and sagittal planes. The maximum SUV of the primary tumor was calculated using the formula: (decay-corrected activity/tissue volume)/(injected dose/body weight). The boundaries of voxels with an SUV of 2.50 or greater were automatically produced within volume-of-interest of the primary tumor. The total volume of voxels within the boundaries was measured and defined as the metabolic tumor volume. The mean SUV of those voxels was also measured. Total lesion glycolysis of the primary cancer lesion was calculated by multiplying the metabolic tumor volume with the mean SUV. Subsequently, PET/CT parameters of the BM including BM SUV and BLR were measured. Spheroid-shaped volume-of-interests were drawn over the vertebral body of each of the six vertebrae in the thoracic and lumbar spine. Spines that showed compression fracture, severe osteoarthritic change, or post-operative change of spinal surgery were excluded from the measurement. Within each volume-of-interest in the vertebral body, an automatic isocontour set at an SUV of 75% of the maximum SUV was automatically generated and the mean SUV of voxels within the isocontour was calculated. This method of using the cut-off value of 75% of the maximum SUV had shown good reproducibility for measuring FDG uptake of the BM in a previous study [20] . The mean SUV of the volume-of-interests in the six selected vertebrae was calculated and defined as BM SUV. A 2 cm-sized spheroidal volume-of-interest was drawn in the right lobe of the liver and the mean SUV of the normal liver tissue was also measured. Using BM SUV and the mean SUV of the normal liver tissue, the BLR was calculated for each patient.
Statistical Analysis
Spearman's rank correlation and Mann-Whitney U tests were performed to determine the relationship of FDG uptake of the BM with hematologic parameters, serum inflammatory markers, tumor size, PET/CT parameters of primary tumor, and clinical stage. The association of FDG uptake of the BM, PET/CT parameters, and clinical factors with disease progression-free survival and distant failure-free survival was investigated using a Cox proportional hazards regression model for univariate and multivariate analyses. The survival time was defined as the time from the date of FDG PET/CT to the date of the detection of disease progression. For patients without disease progression, the follow-up was censored at the day of the last follow-up visit. Continuous variables in the survival analysis were dichotomized according to specific optimal cut-off values determined by receiver operating characteristic curve analysis. Survival curves for disease progression-free survival and distant failure-free survival were estimated using the Kaplan-Meier method and survival differences between the groups were assessed using the log-rank test. Statistical analyses were performed with MedCalc Statistical Software, version 19.0.3 (MedCalc Software bvba, Ostend, Belgium), in which p-values < 0.05 were considered statistically significant.
Results
Clinical Characteristics of Patients
The clinical characteristics of the 157 enrolled patients are summarized in Table 1 . The mean age of the patients was 61 ± 11 years. More than 80% of the patients were male. The most common site of the primary cancer lesion was the oropharynx and oral cavity (45.9%), followed by the hypopharynx (39.5%) and nasopharynx (14.6%; Figure 1) . Overall, 74 patients (47.1%) had regional lymph node metastasis on staging work-up and 55 patients (35.0%) were diagnosed as stage IV. FDG PET/CT revealed a metabolic tumor volume of 0.0 cm 3 in nine patients (5.7%) and a subsequent total lesion glycolysis of 0.0 g because the maximum SUV of primary tumor was less than 2.50. Radical surgery alone or surgery with adjuvant therapy was performed in 95 patients (60.5%), and 53 patients (33.8%) received concurrent chemoradiotherapy. The mean follow-up period in the enrolled patients was 25.6 months (range 0.3-84.5 months). During the follow-up, 48 patients (30.6%) experienced disease progression, including 31 patients (19.7%) with loco-regional failure and 17 (10.8%) with distant failure, and 13 patients (8.3%) died. Legend: CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; PET/CT, positron emission tomography/computed tomography; SUV, standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; FDG, F-18 fluorodeoxyglucose; BM, bone marrow; BM SUV, mean FDG uptake of bone marrow; BLR, bone marrow-to-liver uptake ratio; SD, standard deviation.
FDG Uptake of BM
Among the 157 patients enrolled, BM SUV in 27 patients (17.2%) was higher than the mean SUV of the normal liver (BLR > 1.0; Figure 2 ). In correlation analysis of BM SUV and BLR with hematologic parameters, serum inflammatory markers, and tumor factors, both BM SUV and BLR showed significant positive correlations with serum CRP (p = 0.045, r = 0. Table 2 ). 
Disease Progression-Free Survival Analysis
The prognostic values of age, sex, smoking, T stage, N stage, TNM stage, tumor size, serum CRP level, NLR, PLR, maximum SUV, metabolic tumor volume, total lesion glycolysis, BM SUV, and BLR were assessed in the survival analysis. The optimal cut-off values for continuous variables were 60 years for age, 3.0 cm for tumor size, 5.0 mg/dL for serum CRP level, 2.75 for NLR, 201.00 for PLR, 6.60 for maximum SUV, 8.50 cm 3 for metabolic tumor volume, 32.50 g for total lesion glycolysis, 1.82 for BM SUV, and 0.85 for BLR. In univariate analysis, T stage, N stage, TNM stage, tumor size, serum CRP level, PLR, maximum SUV, metabolic tumor volume, total lesion glycolysis, BM SUV, and BLR were significantly associated with disease progression-free survival (p < 0.05; Table 3 ). Patients with high FDG uptake of the BM showed worse survival than those with low FDG uptake; median disease progression-free survival was significantly shorter in patients with high BM SUV (27.2 months versus 64.9 months, p = 0.006; Figure 3a ) and high BLR (23.1 months versus 64.9 months, p < 0.001; Figure 3b ). 3 , and total lesion glycolysis 237.65 g) with ipsilateral neck lymph node metastases (arrowhead). Serum CRP level, NLR, and PLR of the patients were 6.38 mg/dL, 5.10, and 243.01, respectively. On FDG PET/CT, markedly increased FDG uptake was shown in the bone marrow (BM SUV of 2.37 and BLR of 1.03). The patient was clinically diagnosed with T3N2, stage III, and underwent concurrent chemoradiotherapy. The cancer lesion progressed at 9.1 months after treatment.
The prognostic values of age, sex, smoking, T stage, N stage, TNM stage, tumor size, serum CRP level, NLR, PLR, maximum SUV, metabolic tumor volume, total lesion glycolysis, BM SUV, and BLR were assessed in the survival analysis. The optimal cut-off values for continuous variables were 60 years for age, 3.0 cm for tumor size, 5.0 mg/dL for serum CRP level, 2.75 for NLR, 201.00 for PLR, 6.60 for maximum SUV, 8.50 cm 3 for metabolic tumor volume, 32.50 g for total lesion glycolysis, 1.82 for BM SUV, and 0.85 for BLR. In univariate analysis, T stage, N stage, TNM stage, tumor size, serum CRP level, PLR, maximum SUV, metabolic tumor volume, total lesion glycolysis, BM SUV, and BLR were significantly associated with disease progression-free survival (p < 0.05; Table 3 ). Patients with high FDG uptake of the BM showed worse survival than those with low FDG uptake; median disease progression-free survival was significantly shorter in patients with high BM SUV (27.2 months versus 64.9 months, p = 0.006; Figure 3a ) and high BLR (23.1 months versus 64.9 months, p < 0.001; Figure 3b ).
Among the variables that showed statistical significance in univariate analysis, TNM stage, tumor size, serum CRP level, PLR, maximum SUV, total lesion glycolysis, BM SUV, and BLR were selected for multivariate analysis (Table 3) . Because there was a significant correlation between BM SUV and BLR (p < 0.001, r = 0.664), they were assessed in separate models. In multivariate analysis, TNM stage, PLR, and maximum SUV significantly predicted disease progression-free survival in the model containing BM SUV (p < 0.05), whereas BM SUV failed to show statistical significance (p = 0.072). In the model containing BLR, the significant determinants were TNM stage, maximum SUV, and BLR (p < 0.05; Table 3 ). Among the variables that showed statistical significance in univariate analysis, TNM stage, tumor size, serum CRP level, PLR, maximum SUV, total lesion glycolysis, BM SUV, and BLR were selected for multivariate analysis (Table 3) . Because there was a significant correlation between BM SUV and BLR (p < 0.001, r = 0.664), they were assessed in separate models. In multivariate analysis, TNM stage, PLR, and maximum SUV significantly predicted disease progression-free survival in the model containing BM SUV (p < 0.05), whereas BM SUV failed to show statistical significance (p = 0.072). In the model containing BLR, the significant determinants were TNM stage, maximum SUV, and BLR (p < 0.05; Table 3 ).
Distant Failure-Free Survival Analysis
We also evaluated whether variables that were included in disease progression-free survival analysis had prognostic value in distant failure-free survival. In univariate analysis, N stage, TNM stage, tumor size, maximum SUV, metabolic tumor volume, total lesion glycolysis, and BLR were significantly associated with distant failure-free survival (p < 0.05; Table 4), while BM SUV was not a significant factor (p = 0.189; Figure 4a ). Patients with a low BLR showed significantly higher 1-year distant failure-free survival than those with a high BLR (97.4% versus 84.7%, p = 0.001; Figure 4b ). Of 
We also evaluated whether variables that were included in disease progression-free survival analysis had prognostic value in distant failure-free survival. In univariate analysis, N stage, TNM stage, tumor size, maximum SUV, metabolic tumor volume, total lesion glycolysis, and BLR were significantly associated with distant failure-free survival (p < 0.05; Table 4 ), while BM SUV was not a significant factor (p = 0.189; Figure 4a ). Patients with a low BLR showed significantly higher 1-year distant failure-free survival than those with a high BLR (97.4% versus 84.7%, p = 0.001; Figure 4b ). Of the variables included in univariate analysis, TNM stage, tumor size, maximum SUV, TLG, and BLR were selected for multivariate analysis. However, in multivariate analysis, none of these variables showed significant association with distant failure-free survival (p > 0.05; Table 4 ). the variables included in univariate analysis, TNM stage, tumor size, maximum SUV, TLG, and BLR were selected for multivariate analysis. However, in multivariate analysis, none of these variables showed significant association with distant failure-free survival (p > 0.05; Table 4 ). 
Discussion
In the present study, we measured FDG uptake of the BM in PET/CT images obtained in patients diagnosed with HNSCC and showed that FDG uptake of the BM was significantly associated with serum inflammatory markers, FDG PET parameters of the primary tumor, clinical stage, and disease progression-free survival. Among the various hematopoietic and stromal cells in the BM, FDG uptake of the BM is known to mainly reflect metabolic activity of granulocyte progenitors and is correlated with myeloid hyperplasia [25, 26] . In previous studies, patients diagnosed with malignant diseases could show increased FDG uptake of the BM without malignant 
In the present study, we measured FDG uptake of the BM in PET/CT images obtained in patients diagnosed with HNSCC and showed that FDG uptake of the BM was significantly associated with serum inflammatory markers, FDG PET parameters of the primary tumor, clinical stage, and disease progression-free survival. Among the various hematopoietic and stromal cells in the BM, FDG uptake of the BM is known to mainly reflect metabolic activity of granulocyte progenitors and is correlated with myeloid hyperplasia [25, 26] . In previous studies, patients diagnosed with malignant diseases could show increased FDG uptake of the BM without malignant involvement, demonstrating higher FDG uptake of the BM in cancer patients than in patients with benign diseases and in healthy normal subjects [17, 19, 27] . Therefore, BM hypermetabolism in malignant diseases is considered to be due to a systemic inflammatory response of the host to cancer cells [16, 17, 20] . This hypothesis is supported by previous studies that have consistently reported a significantly positive correlation between FDG uptake of the BM and serum inflammatory markers including white blood cell count, serum CRP level, NLR, and PLR in diverse malignant diseases, and was also shown in the present study [10, 11, 21, 22] . Furthermore, the clinical stage and metabolic PET/CT parameters of the primary tumor also showed a significantly positive correlation with FDG uptake of BM. This might indicate an enhanced inflammatory response in patients with aggressive and advanced cancer, which is consistent with previous reports [9, 10, 21, 27] .
Given that the degree of inflammatory response is related to the prognosis in patients with HNSCC [6, 28, 29] , we evaluated the prognostic value of BM SUV and BLR in the present study. The prognostic significance of BM SUV and BLR has previously been assessed in various cancers. Increased BM SUV has been associated with worse disease-free survival in breast cancer, colorectal cancer, small cell lung cancer, and non-Hodgkin's lymphoma, and worse pelvic recurrence-free survival in cervical cancer [9, 19, 21, 23, 30] . On the other hand, BLR has been significantly associated with disease-free survival in cervical cancer, non-Hodgkin's lymphoma, and gastric cancer, and with overall survival in malignant pleural mesothelioma and gastric cancer [10, 19, 22, 31] . For non-small cell lung cancer, BLR consistently has shown significant association with disease-free survival but not with overall survival irrespective of treatment modalities [11, 20] . In a recent meta-analysis of 10 studies including 1197 patients [24] , the combined hazard ratio of FDG uptake of the BM was 1.75 (95% confidence interval, 1.45-2.11) in the event-free survival analysis and 1.40 (95% confidence interval, 1.13-1.73) in the overall survival analysis using a random effects model; this suggests a role for FDG uptake of the BM in stratifying the risk of tumor progression. Similarly to previous studies, the present study demonstrates poor disease progression-free survival of HNSCC in patients with high FDG uptake of the BM, with a corrected hazard ratio of 1.96 for the BLR in multivariate analysis. The results of our study might indicate that the BLR could also be used as an imaging parameter for estimating inflammatory responses in HNSCC patients. Recently, cancer-related inflammation has emerged as a potentially new cancer treatment target and several attempts have been made to utilize anti-inflammatory drugs for cancer prevention and management [32, 33] . Based on the results of the present study, BLR might be useful as an imaging biomarker for selecting therapeutic candidates when targeting cancer-related inflammation in HNSCC.
In the literature, only one study with 35 retrospectively enrolled HNSCC patients has evaluated the relationship of FDG uptake of the BM with disease-free survival and overall survival to date [18] . Similarly to the present study, the study determined that BM SUV was significantly associated with disease-free survival [18] . However, the small sample size and relatively short follow-up period (median 12.5 months), as well as the large proportion of stage IV patients (63%) among the enrolled patients, may have limited the significance of those results. In contrast, we enrolled a larger number of patients with a relatively even distribution among the TNM stages. Furthermore, in our study, the BLR showed superior prognostic value for disease progression-free survival, suggesting that the BLR might be preferable over BM SUV for predicting clinical outcome in HNSCC patients, similarly to previous studies on cervical cancer, gastric cancer, and non-small cell lung cancer [10, 11, 20, 22] .
Distant failure is one of the major causes of morbidity and mortality in patients with HNSCC [34] . Patients who have manifested distant metastases after initial treatment have had a dismal prognosis with a mean survival period of 7.5 months after the diagnosis of distant failure [34] . Because systemic inflammatory response also plays a role in cancer metastasis [35, 36] , we further investigated the association between FDG uptake of the BM and distant failure-free survival. Although patients with a high BLR showed worse distant failure-free survival than those with a low BLR, both BM SUV and BLR failed to show statistical significance upon multivariate analysis. However, considering the small numbers of events and the heterogeneous patient population, a future study should aim to clarify the relationship between FDG uptake of the BM and risk of distant failure using a large patient population in a prospective trial.
The study had several limitations that remain to be addressed. First, the study was retrospectively performed in a single center and may therefore involve selection bias. Hence, further studies are required to validate the results of the present study. Second, because we enrolled patients with identical histopathology (squamous cell carcinoma) of the head and neck area, the enrolled patients had diverse sites of the primary tumor and the recurrence potential of tumors might vary according to the tumor sites [29] . Third, in patients with oropharyngeal cancer, differences in clinical characteristics and survival outcomes have been shown according to human papilloma virus status, and human papilloma virus status has been included in the oropharyngeal cancer staging system of the eighth edition of the American Joint Committee on Cancer Staging Guidelines [37] . However, because human papilloma virus status was determined in only a few of the enrolled patients, we did not perform FDG uptake analysis in the BM based on patients' human papilloma virus status. Fourth, because of the small number of deceased patients during follow-up, the prognostic significance of FDG uptake of the BM for overall survival could not be assessed. Finally, further studies regarding the relationship of FDG uptake of the BM with serum cytokine levels and histopathological BM findings are needed to elucidate the mechanism of FDG uptake by the BM in HNSCC patients.
Conclusions
In conclusion, the BLR showed significant prognostic value for predicting disease progression-free survival in HNSCC patients. Patients with a high BLR showed significantly worse disease progression-free survival that those with a low BLR. In patients with HNSCC, the FDG uptake of the BM in PET/CT may be an imaging biomarker that reflects the degree of systemic inflammatory response and the risk of disease progression. Although there are several limitations to the general application of our results, the present study may form the basis for future studies seeking imaging biomarkers of inflammatory response in HNSCC patients. 
